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AIMTRACT

To aid in the reduction of remote-sensing data from the outer

planets, collision-broadened half widths arc calculated for water vapor

broadened by 112 and are estimated for IIe-broaclening.  The model used is

a fully complex implementation of the Robert and Bonamy  formalism with

parabolic trajectories and all relevant terms in the interaction potential.

Calculations are performed for 386 pure rotational transitions of 1120 with

J“=()  to 14 and Ka’’=:O to 8. In addition, the temperature dependence of the

half width is computed for

thirty-three transitions with

are compared with known

a n d  g o o d  a g r e e m e n t  i s

a temperature range from 200 to 750 K foI

J“=] to 10 and Ka’’=-o to 8. T h e  c a l c u l a t i o n s

measurements of pure, rotational and v z lines

o b s e r v e d  ( - 2  a n d  -4 p e r c e n t  d i f f e r e n c e

respectively). Finally, methods for estimating half widths for 112- and }Ic-

broadening are presented.



IN’I’RODUCHON

‘1’}lc atmospheres

the same constituents

composition reflects

of

that

the

hc giant planets arc macie mostly of ]Iz and }Ic,

are the dominant constituents of the Sun, l’his

abil i ty of the massive giant  planets to have

gravitationally captured large amounts of gases f rom the i r  birthp]acc in

t h e  primordia] solar  nebula as well  as solids (e.  g. ,  water) that were

cvcnlual]y volatilized into heavier gases in their atmospheres. In contrast,

the terrestrial planets, such as Earth and Venus, contain atmospheric gases

cicrivcd almost exclusively from the solid component of the solar nebula.

By o b t a i n i n g  a c c u r a t e  e s t i m a t e s  c)f t h e  w a t e r  a b u n d a n c e  i n  t h e

atmospheres of the giant planets, we, wil l  be able to place important

constraints on the relative efficiency with which they accumulated gases

and solids from the primordial solar  nebula.

There arc selected regions of the thermal infrared spectrum of the

giant planets, especially lupitcr, that  are. known  to contain watt .r  vapor

fcature,s. One example is a portion of the so-called 5 micron “window”.

l-lowevcr, when viewed from space, much of the emission comes f rom

altitude regions that are cold enough for water to follow approximately its

saturation vapor pressure curve

the, hotter, well mixed region

rad iometer  cxpcrimcnt (NIiR) on

band channels that encompass

ancl what is necde,d i s  i t s  abundance  in

below  the water clouds, ‘1’hc Net f lux

the Gali]co  probe contained several broad

water features to obtain data below the

water condensation region. Such measurements  were  made  during the

dcsccnt  of the Galileo probe in early December, 1995.
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In order to retrieve accurate estimates of water mixing ratio from

these data, it is essential that all spectroscopic parameters of the relevant

water l ines be well  known. The da ta  for  the  molecula r absorption

parameters arc that  of  Rothman  et all The molecular

each spectral transition (line) consist of at least the

line intensity, a i r - b r o a d e n e d  halfwiclth, and lower

absorption data for

resonanl frequency,

s t a t e  e n e r g y .  I n

addi t ion  HI1’RAN1 also contains the temperature dependence of the air-

broadened halfwidth, weighted transition nlon~e,nt squared, self-broadened

half width, line shift, quantum identification of the transition and some

error and reference codes. While the line strengths and energy levels are

r e l a t i v e l y  w e l l  k n o w n ,  t h e  p r e s s u r e  broadening half widths have major

uncertainties in them (al least  a factor of several) that would limit water

abundance determinations severely. I/or the attnosphercs of giant  planets,

such as Jupiter, the broadening by I]? and IIc must  be known. lJntil

recently, there was a gross uncertainty about even room-tcrnperaturc IIz -

hroadcned half widths, and a similar situation exists for water broadening

b y  IIe,  a l t h o u g h  e.stirnates  are a c c e p t a b l e  h e r e  bccausc ~~?. broadening

dominates. The temperatures of  in te res t  a rc  cen te red

temperature and range from 200 K to 400 K. “J’hc pressures

centered around 5-10 bars and range from 1 to 20 bars.z-q

around room

of interest are

Since one is

dealing with large optical paths, even weak optical transitions must be

accounted for. ]Icnce., a database of half widths for J and Ka quantum

numbers up to 20 and 15, respectively, should be made available.

‘l-he effect of errors in the ha] fwiclth on ret~-ievcd profi les has been

systematically invcstigatcds-? with the conclusion that inaccurate collision-

broadcncct halfwiclth values lead to significant crfors in retrieved profiles,

2



IIydrogcn-broadened half widths of water vapor have been measured

for some 640 transitions.g-lz Two of thcseg~g are. room temperature values

for the 22 Gllz l ine while the 183 and 380 Gllz l ines  a re  observed  a t

different  temperatures by Dutta  et al.]o Recent]y  l.anglois et al.]] h a v e

made, 11 diode laser measurements at  cliffe,rent temperatures in the 1.4

y m region and Brown and I’lymate,l 2 have re.po]-ted 630 room-temperature

widths in the pure rotational, and three. fundamental bands between 55

and 4 0 4 5  cm-l . To our knowledge. there have been no theoretical

calculations. For I-le-broadening  only 11 lines have been mcasuredg~lo~l  ~-

16 and t]lc telllperature dependence has been considered for some of the

lines. “J’hcse latter clata are insufficient to validate a theoretical calculatio~l,

but they allow the IIe-broadcming  of water to bc estimated by taking the

ratio of He-broadened half widths and half widths for other broadening

species such as Nz, 02, Hz, or COZ.

In this work Hz-broadened 1120 halfwiciths  are.  calculated using a

fully complex implementation of the t h e o r y of Robert and 13 onam y] T

(l’CRB) .18 I/or the Galileo probe e,xpcziments, the two dominant water

bands are the pure rotational and v 2 fundamental. Although the Watson

cons tan ts  a re  known for  bo th  bandsl g the init ial  calculations of the

wavcfunctions and energies for the states consider the ground vibration

state only, The work of Brown and l’lymatcl  z and the survey of Gamache,

ct al.z,o b o t h  i n d i c a t e the  tha t  maximum er ror in t roduced  by  th i s

approximation should be less than 5%. Calculations of half width are

pcrfc)rmed  for the lower state rotational quantum numbers, J“ and Ka”,

varying from O to 14 a n t i  O t o  8, rcspcctivcly. The temperature

depcnclcnce  of the half widths is stuclicd over a ~ange from 200-750 K (the

?)



extended temperature range is to test the theoretical ri~odel). ~’hc results

of these calculations are compared with the experimental values.

Di f fe ren t  methods  to  es t imate  the  halfwidths for transit ions not

considered in this study are investigated, P’inally, wc determine a method

for  es t imat ing  halfwidth values for IIc-broadening of water vapor using

the measured or calculated values for other pc] turbing species. While

there are limitations on such a method, it does allow a guess at the Ile-

broactened values which may not be as critical due to the. lesser amount of

this gas in the atmospheres of the planets,

1’1 IIKIRETICAL CALC[JLA’JYONS

‘l”he, theoretical calculations made here are, based on a fully complex

implementation of  the  theory o f  Robe,rt-Bonan~yl  T (IWRB)  a p p l i e d  t o

asymmetric rotor molecules.zl-z’~ The atom-atom coefficients are

corrected Q4 to explain some inconsistencies in previous calculations. ~s The

formalism presented hem is slightly different from Ref. 24 in that a more

manageable expression is employed for the atom-atom potential allov

more complete expansions to be considered. A major difficulty in the

method i s evaluating the Fourier-1.aplace transforms o f  correla

ing

RB

ion

functions, which arise in the theory because of the semiclassical tre.atmcnt

of t9-anslational mot ion . Computer-assisted algebraic methods have proved

very useful  in addressing this. E m p h a s i s  thrc)ughout  is placed o n

generality, insofar as the formulas arc complex-valued (yielding line shifts

as well as half widths) and for the most part  suitable for any pair  of

colliding molecules.
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“J-he in te rmolecula r  po ten t ia l  appears  in  the theory as a sphcx”ica]

tensor expansion in the intermolecular separation R,

(1)

lm
m q

‘J’he 1>’s are components of spherical tensors (Wigne.r rotation nlatriceszG)

as given b y  G r a y  a n d  Gubbins.27 S y m b o l s  Q I and L? z specify the

orientation of  the  molecule - f jxed  frame within the conventional “R-
-

frame “.28 coefficients vzn~ W depend  on  how the  molecules  are s i tua ted

within the molecule-fixed frame. In the present calculations, water vapol

is taken in the 1~ representationzg and Nz lies along the z-axis.

The radial parts of Eq, (1) are not the most general form, but suffice

t o  d e s c r i b e both  e lec t ros ta t ic  and atom-atom I.cnnard-Jones 6-12.

interactions. The electrostatic potential is given by an cxpansion~7~z~  of

the charge distribution in terms of the electric moments of the molcculos,

e.g. dipole-dipole, djpole-quadrupole,

v;’;; == v~1p2 +- v~lo’2 + vo’1~2

etc.

+ V()’’1P2 +- v&1fy2 -t VO’’10’2 -1- . . . . (2)

}Iere the contributing terms are the dipolc(H20 )-qua drupole(l Iz) and

quadrupole(Il zO)-quaclrupol c(llz) interactions. ‘1’hc values of the dipole

ancl quadruple moment components of 1120 are taken from Rcfs.  3(1 a n d

31 respectively,  and the quadruple moment of Hz, is taken from Ref. 32.

in the derivation of atom-atom coefficients, it is convenient to define an

order Q of the atom-atom expansion as, Q=(q-q~),  with qo typically 6 or 12.

i n  p r e v i o u s  f o r m u l a t i o n s ,  e x p r e s s i o n s  f o r  anisotropic atom -atoln
-.—.

coefficients v~ln mq have been obtained explicitly to order Q=4,  using  for

example the algebraic method of Labani  et al.zl-z~ To consider higher

5



orders the method of Refs.  21-23 are cumbersome, even with computer

a s s i s t a n c e . 2 4 Therefore we use the expressions derived by Sack~~ and

Downs et al.~o (see also Gray and Gubbins~T) to determine the coefficients

of the atom-atom potential. (For example see Appendix A of Ref. 35) A

static, zero-rank expansion of the atom-atom potential (II and lZ both zero)

defines the isotropic potential used to compute the translational motion of

the molecules.

The expression for the halfwidth at half height and the line shift in

}<13 theory is

~if ‘(yif-i~if)=2~~p ~ P2
Ff(v)dv r

2nb (1 -C-S”) db (3)

where v is  the relat ive velocity of the two molecules,  b the impact

parameter, nz the number density of the perturbe~ gas at pressure p. The

observed half  width is  assumed to be a l inear function of pressure,

$ipbs=p$if. We assume the, mean relative thermal velocity approximation,

replacing the Maxwell-1301tz~i~a]]r~ distribution ~(v) by ~(v-i), where i is the.

average relative velocity. The interruption function, Sjf, is given by

Sif :-- s~,i  + Sl,f ~ s~,i2, ~ s2,f2. ~- s2.,n]iddlc . (4)

‘J’hc components a r e  c o m p l e x - v a l u e d  a n a l o g s  of terms familiar from

A’1’C~G-~T  theory. The S 1 terms arc developed in Ref. 18. Both “outer”

terms Sz,,z  a n d  Sz,fz and “nlidd]e” term S~,fz,j~ arc expressed in terms of

resonance functions F and reduced l.iouvillc matrix elements D,

6



—. .+
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S2,j2, = ) -- ~ ~ D ii ,i ‘i’ F lnla*]lb(Cl)) (5)
~22[Ji] [J2]it,2’ ~~~~b 2.2,2’2’

where S2,f2 is obtained from J3q. 5 by the substitutions i->f and i’->f’.  We

use the notation [J] = 2J+ 1,

The exponential form of Eq. (3) comes about as a result of a curnulant

formulation of the perturbation expansion for the collision .38 llcca~lsc of it,

imaginary parts of S affect not only the shift, but the width as well, an

effect not achieved in ATC theory.

As stated above, some difficulty arises in the evaluation c}f the

integrals over translational degrees of frc-cdom bccausc of the 1 arge. o r d e r s

and tcnsorial  ranks required,

evaluating the fully complex

described elsewhere.1 g’~g

RliSUL’TS and DISCIJSSION

All molecular ‘constants

This is discussed in Ref. 3 5 . ‘J’echniqucs for

integrals in the parabolic approximation arc

used in the calculations are the best  available.

from the literature. Values of electrostatic moments for H20 and IIz arc

g iven  in Table 1, ‘J’he atom-atom potential employed in this work is an

expansion to 4th order with 1] and 12 having maximum values of 2. ‘J ‘h e

l.cnnarcl-J  ones parameters necessary fol the atom-atom component of the

potential c a n  be d e t e r m i n e d by f i t t ing virial dataQO o r  b y  u s i n g

combination rules.zg Because of a lack of virial data for the }120-112 system,

-7



combina t ion  ru les  were  used t o  o b t a i n  heterc)-atomic l.ennarcl-Jones

parameters (EHO, ~HO) from homo-atomic o n e s  quoted  by 130uanich40 (EH}I,

~H}l,  etc.), with results  given in Table 11. The  isotropic Lennard -J ones

parameters ~iso and ~iso, are dcrjved from these atom-atom parameters by

formal expansion. No attempt is made to optimize the molecular constants

to i m p r o v e the match with experimental  l ine widths,  al though such

adjustments would  cer ta in ly b e  j u s t i f i e d  c o n s i d e r i n g  t h e  p r o b a b l e

uncertainties of some of the constants.

All transitions for 1121 G() in the region 1500-2500 cm-] for which the

intensity is  greater  than 1.x1 O-~~  cm - l/molecule cm -2 and J” is less tharl

15 are selected from the HII’RAN database. ] The cutoff at J” less than 15

is necessary due to the current limitations of the computer resources to

address this problem. Recause the calculations neglect the vibrational

dependence, only lines with unique sets of rotational quantum numbers

are retained using the assumption that the widths are the same for the

pairs of transitions with uppel  and lower quantum numbers interchanged.

The resulting calculated half widths in units of cm - l/atn~ at 296 K are given

in Table 111.

A d d i t i o n a l  c a l c u l a t i o n s  a t  o t h e r  tcmpe]aturcs arc made to allow

direct comparison with the avajlable measurements . in Table 111, the

calculated half widths arc compared with the pure-rotation and V2 band

measurements  of  Brown  and P]ymate.1  z The columns in the table arc the

upper and  lower  s ta te  ro ta t iona l  quantum numbers ,  the  ca lcu la ted

half width at 296 K in cm- l/atm, and the next 4 columns are measuled

values wi th  the  percent uncertainty in parentheses and t h e  p e r c e n t

d i f f e r e n c e ,  (Iixp-Cal)/Exp, f o r  t h e  p u r e  r o t a t i o n a l  and v  2 .  b a n d s ,

8



respectively. In Table IV, the calculations of

water vapor at 293 and 300 K and the 183

(3 1 3+ 220) and (414- 3 2 1 )  r e s p e c t i v e

the 22 GI17, line (616+–523)  of

ancl 380 Gllz l ines at  300 K,

y arc compared with the

measurements of I.iebe and Dillong  and Kasuga et al.,g and Dutta et al. ] O

Brown and PI ymatel 2 have made  measurements for 64 pure rotation

and 273 V2 transitions of H20 broadened by 112 at 295 K with a precision of

2 to 7%. Because the calculations made here are for the ground state only

the pairs of lines with the rotational quantum numbers exchanged in the

experimental data are averaged together (i.e. f< i and i<--- f). This reduces

the number of vz transitions to compare with to 161. l’hese  experimental

results are listed in Table 111 with the calculations. For the transitions

considered, the half widths vary by factors of 3 or 4 from low J, K to high J,

low K. A comparison of the calculated values with those of Brown  and

Plymate is given in Fig. 1 where the percent difference is plotted versus an

energy (E”) ordered index {J “(J”+~ )+ Ka’’-K+’’+-l }. Note, because of the small

Icmpcralurc difference (1 “K) no temperature correction is applied to the

data. F’or the pure rotation data the average percent difference between

lhe calculated and measured values is -1 .9%, the average absolute percent

difference is 3.8, and the maximum ancl minimum deviations are about

1 0%. Comparison with the V? data shows a -3.8 percent difference with 2 1

of

va

pa

the 161 points showing differences tmtwcen 10 and 20%. Since these

ucs a r e  o b t a i n e d  frO1ll OJl]y single, transitions rather than averaged

rs, it is difficult to assess if this is due to experimental errors  or real

vibration] effects. A l s o  eviclcnt is that the calculated values a rc  grea te r

lhan the measurements for J “<8 but for J “>8 this appears to be reversed,

however there are limited experimental data.

9



A comparison of the FCRB calculation with the other pure rotational

measure mentsg-]o is shown in Table IV. The calculations for the 183 and

380 GHz t rans i t ions  a re  wi th in -6.0 and 2.6% of the measurements

reported by Dutta  et al. ] O l~or the two studies of the 22 G117 line,g~g the

calculation is in better agreement with the Kasuga  et al.g value despite it

having a much larger error bar.

Thirty-three transitions from J”= 1 to 10 and Ka”=O to 8 are chosen  10

study the structure of the temperature dependence of the half width as a

f u n c t i o n  o f  J “  a n d  Ka” a n d  t o  c o m p a r e  with t h e  e x p e r i m e n t a l

m e a s u r e m e n t s  o f  l.ang]ois et al. ] I and Dutta  et al.lo Calculations of the

halfwidth are made at the temperatures 200, 250, 296, 400, and 750 K.

“l-he temperature dependence of the, half width is taken asd 1

()y(v) = ‘y(T()) ~. n
9 (7)

w h e r e  t h e  r e f e r e n c e  v a l u e  (To) was taken at  2,96K. The calculated

half widths at the temperatures studied are fit to Eq. (7) to give the

temperature exponent, n, and the correlation coefficient of the fit. Figure 2.

shows the results of the fit for the minimum and maximum temperature

exponents determined in this work.

in I’able V, the

are presented with an

temperature exponents, n, de.te.rmined in this study

estimated uncertainty and the data from Dutta et

al.lo and l.anglois et all] ‘1’hc IIzO -112, measurements of Dutta  et al. show

large deviations from the simple  power law (Ilq. (7)) at low temperature

(100  K). The results from this work (see l:ig. 2) demonstrate the same

general feature for some of the transitions. ‘1’0 account for

an uncertainty i s  de te rmined  for  each  t rans i t ion by

1 0

these features,

he following



procedure. Values  of  n  a re  de.termincd  us ing  any  two of  the .  f ive

calculated points, This generates nine 2-point values  of n. The uncertainty

assigned to the calculation is the maximum difference between the least-

squares fit value and the nine 2-point values. F i g u r e  3 clisplays  t h e

tcmpcraturc exponent data from this work and that of Refs.  10 and 11.

l~or the 13 experimental measurements, 6 of the calculated temperature

exponents are within the experimental error limits, 4 others are close, and

3 show large differences. An unexplained feature of the data of Ref. 11 is

the discrepancy between  the  measured  n  va lues  for  pa i r s  o f  l ines ;

330e331and 331e330, aIld 432-431 and431-432 (lines 1 0

and 11, and 14 and 15, respectively in Table V and Fig. 3). Neglecting

vibrational dependence, which should be small ,  theory states that  the

value of n should be the same for these pairs. ‘rhe experiments] values

however are (0.35, 0.76,) and (0.39, 0.26) for the pairs, respectively.

F i g u r e  4  s h o w s  t h e  t e m p e r a t u r e  e x p o n e n t  v e r s u s  Ka’’-Kc” for

transitions studied with J“=5. The temperature exponents are transition

dependent and range roughly from 0.19 to 0.71. l;igurcs, 3 and 4

demons t ra te  the  d i f f icu l ty  to  pred ic t  the  tempera ture  exponent  o f  a

particular transition based on the values from other transitions. ‘J’his may

be significant since Chu et al.7 have. shown that a change of the

temperature exponents from 0.5 to 0.7 can introduce 5% error to retrieved

mixing ratios at some altitudes.

ESTIMATED HALFWID’J’IIS  of 112- and IIc=13ROADJ;N11D  WATER

The half widths of some 386 transitions of water  vapor are calculated

in this work. I/or application to planetary radiative transfer studies all the

11



lines of significant absorption within the spcctlal range must be known.

Currently the IIITRAN  database lists 1763 transitions for the vz band. The

lines for which we malce calculations contain about 80% of the intensity of

the vz band.

transitions for

with J“>14 and

Because

for a limited

IIencc there is a need to approximate the half widths for the

which  there are no data. These will be mostly transitions

AK>3 (see Table 111).

previous works only provided the IIz-broadened half widths

number of transitions (stronger lines up to J=l 2) of water

vapor, all other transitions could only be guessed  at. This can be done4z~4q

by scaling values derived for some othm perturbing species such as Nz or

air. Such procedures yield approximate values for transitions where, the

ha] fwidths for another perturbing species are known. often default values

must be used, Better estimates of the half width are provided by the

procedures described below.

T W O  d i f f e r e n t  m e t h o d s  f o r  e s t i m a t i n g  h a l f w i d t h s  a r e  cc)nsidercd

l~irst, a simple average of the half width as a function of (J’’+ J’)/2 is made.

Second, a polynomial in J“ and Ka” is used to fit the. calculated halfwidths.

IIcre,  the polynomial expression employed by Gamache  et al.qQ is used,

Y(POIY)  = h) -I bl W’;J’)+ b~*(J’’?’P b~*(K-a’;Ka’)”
(8)

“J’he coef f ic ien ts  (and  the i r  s tandard  devia t ions  in  paren thes i s )  a re

obta ined  by l e a s t - s q u a r e s  f i t t i n g  to t h e  c a l c u l a t e d  d a t a  y i e l d i n g

bo u 0.09312/1 (0.002), b] ~ -0.7192>0 10-2 (0.6 lo-~), b~ = ().2451 1 10-~

(0.4 10-0), and b~ = 0,43104 10 -4 (0.2 10-3).

The  ha l fwid ths f r o m  the a v e r a g i n g  p r o c e d u r e  a n d  f r o m  the

polynomial were compared with the calculated results . The average



percent difference (API>), the average absolute percent difference (AAPD),

and the minimum and maximum percent differences were calculated as a

function of (J’’+J’)/2, The AAPD for all the lines studied is 11%) for both

methods and the maximum and minimum percent differences are 23 and

-50% for the averaging method and 25 and -56% for  the  polynomia]

method, In Fig. 5 the percent difference versus (J’’+J)/2 is plotted for the

averaging method (dots) and the polynomial method (+ symbol). Note the

polynomial results are shifted on the (J’’ -I J2/2. axis in order to better

compare the methods. The figure gives an estimation of the range of error

one might expect when using the methods to predict halfwidths  that are

unknown. Because the polynomial results are limited to only the fit range,

have a sl ightly higher uncertainty, and for speed of calculat ion,  the,

averaging method is recommended for determining half widths not listed in

Table Ill. It should realized, however, that the estimated values have.

large uncertainties.

in l’able VI the measured values of the Ile-broadened ha] fwidth  of

water vapor are presented. When available the temperature coefficient is

also given. With this data the ratios to half widths for other perturbing

species can be formed which will allow an estimate of the IIe-broadened

va]ucs, IIccausc of the large uncertainties and the t e m p e r a t u r e  of the

study of Ref. 16 (the last seven cntrie,s in the table. ) these. clata arc not

considered in the analysis. Table VII gives the three remaining transitions

for IIc-broadened data and the corresponding half width and ratio with

other broad c.ning spccics. The experimental data of I’able, VI has been

corrected to 296 K using the temperature exponents listed in the table,

“1’hc rotat ional  state quantum numbers labeled 1,  2,  and 3 in I’able  V]]

correspond to the transitions 3 1 3(– 2 2 0, 4 1 4+-- 3 2 1, and 6 1 6 <-- 5 2 3,

13



respectively. All ratios are the He-broadened value divided by the value

for the particular perturbing species and all half widths are in units of

cm - l/atm at 296 K. The other values in the table arc calculated values

from Ref. 45 for N2- and 02-broadening, from Ref. 44 for C02- broadening,

and from this work for Hz-broadening. ‘l’he ratios show roughly a 30%

variation. Given this and the few lines considered a minimum uncertainty

of 50% might be assigned in the scaled IIe-broadened  values,

SUMMARY

A database of Hz-broadened halfwidths of water vapor is calculated

for 386 pure rotational perpendicular transitions of water for J“ up to 14

and Ka” up to 8 using the fully complex Robert-B onamy  formalism, These

values are found to reproduce both the available pure rotational and vz

measurements to within 6% or better for the most part. Comparison with

the recent measurements of Brown and Plymate shows better than 2%

agreement on average for the pure rotat ion band (68 transit ions) and

better than 4% for the Y 2 b a n d  ( 1 6 1  t r a n s i t i o n s ) . The temperature

dependence of the halfwidth is calculated for 33 transitions from J“=l to

10. The results show a large spread in the values of the temperature

exponents and  no  sys temat ic t rends  wi th  the  quantum numbers  of

transitions involved. Methods to estimate

are presented but caution should used when

uncertainty. A method is also presented

half widths of H20,

however because of the

planets t}~ese estimated

the Hz-broadened half widths

applying them due to the high

to estimate the Ile-broadened

The resulting halfwidths have high uncertainty,

lesser amount of this gas in the atmospheres of the

half widths are useful. Calculations are currently

14



underway to explore the molecular constanls for the atom-atom potential

and the vibrational dependence of the measured halfwidths presented in

Ref. 12.

15
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TABLE I. Electrostatic moments for 1120, 112

TABLE Il.

M o l e c u l e  Mulitipole Reference

HzO p=l.8549 ( 9 )  x1O-18 e s u  3 0

@ ~~=-o.13  (3) X1O-26 esu 3 1
@YY=-2.50 (2) XIO-26 esu 3 I

@zz=2.63  (2) x1O-26  e s u  3 1

Hz @7z=-O.616  (3) X10-26 esu  32

Atom-atom Lennard-Jones (6-12) parameters

—. —.

Pai r &/K cr/Angstrom

H-N 20.5 3.0

C-N 34.3 3.45

Isotropic 119.3 3.838



TABLE 111. Calculated Half-Widths for 1120 Broadened by 112 at

1’ Ka’ Kc’

1 1 1
1 1 0
2 1 2
2 2 1
2 0 2
2 2 0
2 1 1
3 1 3
3 3 1
2 2 0
3 2 2
2 2 1
3 0 3
3 2 1
3 1 3
3 3 1
3 1 2
3 3 0
3 1 2
3 3 0
4 0 4
4 1 4
4 3 2
3 2 1
4 2 3
4 4 1
3 2 2
4 0 4
4 2 2
4 4 0
3 3 0
4 1 4
4 3 2
3 3 1
4 1 3
4 3 1
4 2 3
4 4 1
4 0 4
4 2 2
4 4 0
4 1 3
4 3 1
5 1 5
5 3 3
4 2 2
4 4 0

296 K and the measured values from Ref. 12.

,, ~! ~c!!

) 0 0
1 0 1
1 0 1
1 1 0
1 1 1
1 1 1
2 0 2
2 0 2
2 0 2
2 1 1
2 1 1
2 1 2
2 1 2
2 1 2
2 2 0
2 2 0
2 2 1
2 2 1
3 0 3
3 0 3
3 0 3
3 0 3
3 0 3
3 1 2
3 1 2
3 1 2
3 1 3
3 1 3
3 1 3
3 1 3
3 2 1
3 2 1
3 2 1
3 2 2
3 2 2
3 2 2
3 3 0
3 3 0
3 3 1
3 3 1
3 3 1
4 0 4
4 0 4
4 0 4
4 0 4
4 1 3
4 1 3

(Cal)t

1.096
).089
).089
).080
).092
).085
).090
).082
),087
).083
2.082
2.087
2.083
2.086
ZI.087
0.064
D.083
D.065
0.085
0.084
0.074
0.073
0.080
0.083
0.077
0.077
0.080
0.072
0.081
0.082
0.071
0.079
0,071
0.071
0.078
0,071
0.071
0.051
0.081
0.073
0.051
0.077
0.077
0.063
0.071
0.080
0.075

).0854 (0.8)
).0847 (3.7)

).0785 (1,8)

),0829 (1.8)
3.0859 (1.7)
2.0789 (1,1)
2.0899 (3.6)

3.0668 (5.4)

0.0663 (3.7)

0.0803 (5.6)

0.0766 (1.5)

0.0817 (1.1)

0.0701 (3.5)

0.0700 (2.6)

0.0517 (5.3)

0.0500 (2.4)

0.0590 (4.7)
0.0785 (4.8)

;-c)lE 70““[000]

-4.65
6.13

-4.31

1.32
-0.74
-5.23
4.65

4.13

2.16

3.74

-3.84

0.76

-1.76

-2.04

1.31

-1.93

-6.03
9.54

y(l=.xp[olo]t

0.089 (1.0)
0.089 (1.4)
0.0928 (3.4)
D.0828 (0.8)
0.0885 (0.6)

0.0878 (0.7)
0.0776 (0.6)

0.0832 (1 .0)
0.0812 (0.3)
0.0878 (0.8)
0.0761 (1 .3)
0.0872 (2.7)

0.0623 (0.7)
0.0826 (1 .0)
0.0644 (1 .4)
0.0842 (1 .9)

0.0699 (2.2)

0.0805 (1.1)
0.0762 (0.7)

0.0771 (1.1)
0.0657 (1 .0)
0.0808 (0.9)

0.069i’ (0.5)
0.0799 (2.2)
0.0679 (2.5)
0.0683 (1 .0)
0.0731 (4.1)
0.0652 (1 .0)
0.0689 (2.6)
0,0491 (3.1)

0.0731 (3.9)
0.0484 (2.0)
0.0699 (2.1)

0.0570 (0.7)

0.0758 (0.8)

I-C)IE %
#!.QJ-
0.21
3.69
3.92
-4.39

-2.87
-5.52

-0.08
-0.80
1.44
-9.11
1.65

-2.80
-0.77
-0.80
-0.96

-4.13

-2.82
-1.51

-3.24
-10,32
-0.35

-2.35
0.58
-5.27
-3.49
-6.69
-9.16
-3.24
-4.02

0.22
-5.41

-10.07

-9.85

-5,14



5 2 4
5 4 2
123
!41
505
523
5 4 1
4 3 1
5 1 5
5 3 3
432
5 1 4
5 3 2
4 4 0
5 2 4
5 4 2
4 4 1
5 0 5
5 2 3

5 4 1
5 3 3
5 5 1
5 1 4
5 3 2
5 5 0
5 1 4
5 3 2
616
6 3 4
5 2 3
5 4 1
6 2 5
6 4 3
5 2 4
5 4 2
6 0 6
6 2 4
6 4 2
5 3 2
6 1 6
6 3 4
6 5 2
5 3 3
6 1 5
6 3 3
5 4 1
6 2 5
6 4 3
5 4 2
6 0 6
6 2 4
6 4 2
5 5 0

413
$13
414
414
$ 1 4
414
‘ $ 1 4
4 2 2
4 2 2
4 2 2
4 2 3
4 2 3
4 2 3
4 3 1
4 3 1
4 3 1
4 3 2
4 3 2
4 3 2

4 3 2
4 4 0
4 4 0
44?
4 4 1
4 4 1
5 0 5
5 0 5
5 0 5
5 0 5
5 1 4
5 1 4
5 1 4
5 1 4
5 1 5
5 1 5
5 1 5
5 1 5
5 1 5
5 2 3
5 2 3
5 2 3
5 2 3
5 2 4
5 2 4
5 2 4
5 3 2
5 3 2
5 3 2
5 3 3
5 3 3
5 3 3
5 3 3
5 4 1

).071
).073
).070
).079
).062
).076
).074
).073
).074
).070
).068
3.070
3.069
).060
3.068
3.061
3.059
0.072
D.072

0.060
0.061
0.044
0.073
0.063
0.044
0.068
0.070
0.053
0.063
0.075
0.070
0.064
0.067
0.061
0.070
0.053
0.07G
0.067
0.072
0.07C
0.06E
0.06:
0.06:
0.061
0.06[
0.06:
0.064
0.06;
006(
0.064
0.06[
0.06[
0.05<

1.0698 (3.2)

1.0666 (0.6)

).0771 (1 .5)

1.0696 (1 .9)

).0693 (1 .9)
~.0640 (1 .5)

).0556 (2.9)

).0562 (2.4)

3.0665 (2.4)

3.0502 (3.5)
0.0631 (2.0)

0.0572 (3.2)

0.0689 (1 .2]

0.0700 (5.6]

0.0567 (2.0;
0.0596 (3.0]

0.0575 (2.5;

0.0539 (1 .5:

0.0491 (2.7;

-1.72

-5.47

1.95

-4.91

-1.40
-6.59

-8.20

-5.64

-1.70

-5.83
-0.02

-7.46

-5.17

2.94

-10.72
-4.19

-9.39

-11.57

-7.64

D.0687 (0.7)

0.0644 (0.9)

0.0572 (2.0)
0.0769 (1 .5)

0.0692 (0.9)
0.0739 (5.5)
0.0668 (1 .4)
0.0632 (1 .0)
0.0671 (0.9)
0.0639 (0.9)
0.0576 (1 .5)
0.0645 (3.7)
0.0541 (1 .6)
0.0558 (1 .9)

0.0680 (2,2)

0.0540 (1 .3)

0.0431 (1 .2)

0.0608 (3.9)
0.0425 (1 .8)
0.064 (1.0)

0.0498 (1.8)
0.0622 (3.2)
0.0719 (0.7)

0.0618 (0.5)

0.0580 (0.7)

0.0475 (0.7)
0.0683 (2.7)

0.0674 (1 .6)

0.0623 (2,4)

0.0582 (3.0)
0.0580 (1 .0)
0.0622 (2.5)
0.0564 (1 .3)
0.0580 (5.7)
0.0569 (2.4)
0.0530 (3.2)

0.0647 (5.6)
0.0540 (2.7)
0.0519 (2.5)

-3.35

-9.16

-8.04
1.70

-5.52
-0.09
-5.27
-8.03
-4.93
-7.72
-4.45
-4.72
-12.61
-6.49

-5.42

-11.36

-2.02

-4.37
-3.42
-5.76

-6.78
-1.46
-4.36

-3.61

-5.98

-10.54
-2.08

-7,51

-9,14

-7.96
-7.15
-6.38

-11.52
-10.98
-8.80

-13.46

-5,07
-10.88
-1.84



6 3
6 5
5 5
6 1
6 3
6 5
6 4
6 6
6 4
6 6
6 1
6 3
7 1
7 3
6 2
6 4
7 2
7 4
6 2
6 4
7 0
7 2
7 4
6 3
7 1
7 3
7 5
6 3
7 1
7 3
7 5
6 4
7 2
7 4
6 4
7 0
7 2
7 4
6 5
7 3
7 5
6 5
7 1
7 3
7 5
6 6
7 4
7 6
6 6
7 4
7 6
7 5
7 7
7 5

4 5 4
2 5 4
1 5 4
5 5 4
3 5 4
1 5 4
3 5 5
1 5 5
2 5 5
0 5 5
5 6 0
3 6 0
7 6 0
5 6 0
4 6 1
2 6 1
6 6 1
4 6 1
5 6 1
3 6 1
7 6 1
5 6 1
3 6 1
3 6 2
7 6 2
5 6 2
3 6 2
4 6 2
6 6 2
4 6 2
2 6 2
2 6 3
6 6 3
4 6 3
3 6 3
7 6 3
5 6 3
3 6 3
1 6 4
5 6 4
3 6 4
2 6 4
6 6 4
4 6 4
2 6 4
0 6 5
4 6 5
2 6 5
1 6 5
3 6 5
1 6 5
3 6 6
1 6 6
2 6 6

1
1
2
2
2
2
0
0
1
1
6
6
6
6
5
5
5
5
6
6
6
6
6
4
4
4
4
5
5
5
5
3
3
3
4
4
4
4
2
2
2
3
3
3
3
1
1
1
2
2
2
0
0
1

0.060
0.054
0.053
0.066
0.064
0.054
0.056
0.042
0.057
0.042
0.058 0.0571 (2.8)
0,067
0.046
0.057
0.069
0.064
0.056 0.0551 (2.1)
0.061
0.054 0.0530 (1 .7)
0.064
0.045
0.063
0.063
0.071
0.065
0.065
0.066
0.058 0!0551 (0.9)
0.055
0.064 0.0650 (1 .2)
0.061
0.064
0.062
0.062
0.058 0.0551 (3.2)
0.057
0.06 3 0.0631 (1.9)
0.05 9 0.0564 (2.6)
0.056
0.058
0.05 6 0.0532 (4.6)
0.055
0.060
0.063
0.05 5 0.0524 (3.2.)
0.050
0.056
0.05 1 0.0482 (2.6 )
0,050
0,058
0.05 1 0.0489 (2.5 )
0,054
0,041
0.054

-2,42

-2.50

-2.47

-5.11

1.69

-5.25

-0.38
-4.23

-4.72

-5,17

-5.81

-4.27

0.0543 (2.3) “
0.0487 (2.1) .
0.0498 (4.0)

0.0486 (2.7) .

0.0571 (1 .8)

0.0423 (0.5)

0.0655 (0.9)

0.0536 (3,0)

0.0513 (0.7)

0.0422 (0.9)
0.0650 (3.3)

0.0666 (3.2)

0.0614 (4.1)

0.0531 (1.1)
0.0509 (0.9)
0.0627 (3.2)

0,0595 (2.4)

0.0599 (3.6)
0.0529 (1 .7)

0.0613 (2.4)
0.0554 (2.6)
0.0480 (4.5)

0.0509 (2.5)
0.0480 (3.0)

0.0602 (4.3)
0.0513 (2.9)
0.0411 (2.5)

0.0491 (3.2)

0.0481 (2.3)

-10.78
-10.96
-5.85

-10.88

-2.50

-7.92

-5.59

-5.46

-5,97

-7.49
2.49

-7.03

-5.23

-9.07
-7.26
-1.91

-6.97

-3.43
-9.73

-3.32
-6.10

-17.05

-9.56
-15.54

-5.27
-7.53

-22.03

-3.87

-6.00



7 7 0
7 1 6
7 3 4
8 1 8
8 3 6
7 2 5
7 4 3
8 2 7
8 4 5
7 2 6
8 0 8
8 2 6
7 3 4
7 5 2
8 1 8
8 3 6
8 5 4
7 3 5
8 1 7
8 3 5
7 4 3
8 2 7
8 4 5
7 4 4
8 0 8
8 2 6
8 4 4
7 5 2
8 3 6

5 4
?53
8 1 7
8 3 5
8 5 3
7 6 1
8 4 5
8 6 3
7 6 2
8 4 4
8 6 2
7 7 0
8 5 4
8 7 2
7 7 1
8 5 3
8 7 1
8 6 3
881
8 8 0
8 1 7
8 3 5
9 1 9
9 3 7
8 2 6

6 6 1
7 0 7
7 0 7
7 0 7
7 0 7
7 1 6
7 1 6
7 1 6
7 1 6
7 1 7
7 1 7
7 1 7
7 2 5
7 2 5
7 2 5
7 2 5
7 2 5
7 2 6
7 2 6
7 2 6
7 3 4
7 3 4
7 3 4
7 3 5
7 3 5
7 3 5
7 3 5
7 4 3
7 4 3
7 4 3
7 4 4
7 4 4
7 4 4
7 4 4
7 5 2
7 5 2
7 5 2
7 5 3
7 5 3
7 5 3
“7 6 1
7 6 1
7 6 1
7 6 2
7 6 2
7 6 2
7 7 0
7 7 0
7 7 1
8 0 8
8 0 8
8 0 8
8 0 8
8 1 7

0.041
0.050
0.064
0.040
0.051
0.062
0.060
0.049
0.055
0.048
0.040
0.057
0.069
0.064
0.060
0.060
0.062
0.053
0.048
0.061
0.064
0.060
0.061
0.055
0.052
0.058
0.058
0.057
0.056
0.056
0.055
0.055
0.061
0.054
0.053
0.055
0.052
0.053
0.058
0.052
0.048
0.054
0.048
0.048
0.055
0.048
0.051
0.039
0,039
0.044
0.061
0.036
0.046
0,055

0.0499 (5.7)

0.0481 (1 .7)

0.0609 (0.9)

0.0511 (2.8)
0.0466 (1 .3)

0.0631 (3.1)

0.0636 (2.9)

0.0597 (4 .3)
0?0590 (3.0)
0.0551 (1 .6)

0.0571 (2.2)

0.0558 (2.7)

1.43

-0.25

2.00

-4.17
-2.93

-1.67

3.86

2.87
1.90
-3.41

2.12

2.76

0.0427 (3.9)
0.0495 (1.1)

0.0387 (1 .0)

0.0604 (0.8)

0.0476 (1 .2)

0.0458 (1 .5)
0.0380 (1 .2)

0.0669 (1 .4)

0.0599 (2.2)

0.0500 (2.9)
0.0450 (2.7)

0.0619 (’1.2)

0.0613 (3.6)
0.0515 (4.0)

0.0556 (3.0)
0.0562 (4.5)
0.0518 (5.4)

0.0544 (3.5)
0.0480 (2.7)

0.0515 (4.9)
0.0514 (1.8)
0.0542 (3.5)
0.0502 (4.5)
0.0478 (4.1)

0.0547 (2.3)

0.0438 (4.9)

0.0346 (5.0)

0.0532 (3.4)

3.90
-1.98

-3.68

-3.02

-3.44

-5.28
-5.26

-2.75

0.37

-6.57
-6.71

-3.64

0.17
-7.28

-4.29
-2.99

-10.00

-2.84
-14.22

-5.36
-3.73
-1.12
-4.59

-11.10

4.37

-0.62

-3.89

-3.72



8 4 4
9 2 8
9 4 6
8 2 7
9 0 9
9 2 7
8 3 5
8 5 3
9 1 9
9 3 7
9 5 5
8 3 6
918
9 3 6
8 4 4
9 2 8
9 4 6
8 4 5
9 0 9
9 2 7
9 4 5
8 5 3
9 3 7
9 5 5
8 5 4
9 1 8
9 3 6
9 5 4
8 6 2
9 4 6
9 6 4
8 6 3
9 4 5
9 6 3
8 7 1
9 5 5
9 7 3
8 7 2
9 5 4
9 7 2
8 8 0
9 8 2
887
9 6 3
9 8 1
9 9 0
9 1 8
fio 1 10
1 0 3 8
9 2 7
9 4 5
10 2 9
1 0 4 7
9 2 8

8 1 7
8 1 7
817
818
8 1 8
8 1 8
8 2 6
8 2 6
8 2 6
8 2 6
8 2 6
8 2 7
8 2 7
8 2 7
8 3 5
8 3 5
8 3 5
8 3 6
8 3 6
8 3 6
8 3 6
8 4 4
8 4 4
8 4 4
8 4 5
8 4 5
8 4 5
8 4 5
8 5 3
8 5 3
8 5 3
8 5 4
8 5 4
8 5 4
8 6 2
8 6 2
8 6 2
8 6 3
8 6 3
8 6 3
87fl
871
8 7 2
8 7 2
8 7 2
881
9 0 9
9 0 9
9 0 9
9 1 8
9 1 8
9 1 8
9 1 8
9 1 9

0.057
0.043
0.050
0.043 0.0427 (2.9)
0.036
0.050
0.065
0.059
0.054
0.054
0.057
0.048 0.0491 (1 .9)
0.043 0.0432 (3.6)
0.058
0.064
0,058
0.059
0.052
0.048
0.052
0,057
0.057
0.055
0.056
0.053
0.051
0.059
0.053
0.053
0.053
0.052
0.053
0.058
0.051
0.050
0.053
0.049
0.050
0.053
0.049
0.044
0.044
0.044
0.051
0.044
0.035
0.040
0.033
0.043
0.049
0.056
0.039
0.047
0.039

-0.95

1.34
0.95

0.0434 (3.5)

0.0426 (2.0)
0.0344 (3.6)

0.0629 (5.3)

0.0476 (2.1)
0.0422 (1 .3)

0.0513 (3.7)

0.0536 (3.6)
0.0558 (4.4)

0.0532 (5.4)

0.0644 (5.0)
0.0543 (1 .7)

0.0494 (4.8)

0.0413 (1 .9)
0.0341 (1.2)

0.0497 (2.7)

0.0419 (1 .6)

0.0383 (3.6)

-0.03

-1,18
-4.44

-2.72

-1.87
-1.52

-1.48

3.14
-1.82

0.12

8.30
2,58

-6.34

4.34
3.27

2.17

5.99

-2.31



10 0 10
1 0 2 8
9 3 6
9 5 4
10 1 10
1 0 3 8
1 0 5 6
9 3 7
10 1 9
1 0 3 7
9 4 5
10 2 9
1 0 4 7
9 4 6
1 0 2 8
10 4 6
9 5 4
10 3 8
1 0 5 6
9 5 5
1 0 3 7
10 5 5
9 6 3
1 0 4 7
1 0 6 5
9 6 4
1 0 4 6
10 6 4
9 7 2
10 5 6
1 0 7 4
9 7 3
1 0 5 5
1 0 7 3
9 8 1
1 0 6 5
1 0 8 3
9 8 2
10 1 9
11 1 11
1 0 2 8
11 2 10
1 0 2 9
11 0 11
11 2 9
1 0 3 7
11 3 9
1 0 3 8

,11 1 10
1 1 3 8
1 0 4 6
11 4 8
1 0 4 7
11 2 9

9 1 9 0.033
9 1 9 0.045
9 2 7 0.060
9 2 7 0.055
9 2 7 0.048
9 2 7 0.049
9 2 7 0.053
9 2 8 0.044
9 2 8 0.039
9 2 8 0.054
9 3 6 0.063
9 3 6 0.056
9 3 6 0.057
9 3 7 0.049
9 3 7 0.047
9 3 7 0.056
9 4 5 0.057
9 4 5 0.054
9 4 5 0.056
9 4 6 0.051
9 4 6 0.056
9 4 6 0.052
9 5 4 0.052
9 5 4 0.051
9 5 4 0.051
9 5 5 0.051
9 5 5 0.057
9 5 5 0.050
9 6 3 0.049
9 6 3 0.051
9 6 3 0.048
9 6 4 0.049
9 6 4 0.053
9 6 4 0.048
9 7 2 0.046
9 7 2 0.050
9 7 2 0.046
9 7 3 0.046
40 0 10 0.037
10 0 10 0.031
10 1 9 0.044
10 1 9 0.037
10 1 10 0.036
10 1 10 0.031
10 1 10 0.042
1 0 2 8 0.055
10 2 8 0.045
10 2 9 0.042
10 2 9 0.037
10 2 9 0.050
10 3 7 0.061
10 3 7 0.054
10 3 8 0.046
10 3 8 0.044

0.0342 (2.5)

0.0603 (5.3)

0.0520 (4.6)

0.0464 (5.7)
0.0412 (5.0)

0.0614 (4.5)

0.0408 (5.1)

0.0459 (3,4)

0.0376 (4.5)

0.0414 (2.3)

3.57

0.73

6.28

4.24
4.91

-2.43

10.54

4.40

3.22

10.81



11 4 7
1 0 5 5
11 3 9
11 5 7
10 5 6
11 3 8
11 5 6
1 0 6 4
11 4 8
11 6 6
10 6 5
1 1 4 7
11 6 5
1 0 7 3
10 7 4
11 5 6
11 7 4
10 8 3
11 1 10
12 1 12
11 2 9
12 2 11
11 2 10
12 0 12
11 3 8
12 3 10
11 3 9
12 1 11
11 4 7
1 2 4 9
11 4 8
12 2 10
11 5 6
1 2 5 8
11 5 7
1 2 3 9
11 6 5
12 4 9
1 2 6 7
11 6 6
11 7 4
12 1 11
13 1 13
12 2 10
13 2 12
12 2 11
13 0 13
12 3 9
13 3 11
12 3 10
13 1 12
12 4 8
1 2 4 9
13 2 11

10 3 8
1 0 4 6
1 0 4 6
1 0 4 6
1 0 4 7
1 0 4 7
10 4 7
1 0 5 5
1 0 5 5
1 0 5 5
1 0 5 6
1 0 5 6
1 0 5 6
1 0 6 4
10 6 5
1 0 6 5
1 0 6 5
1 0 7 4
11 0 11
11 0 11
11 1 10
11 1 10
11 1 11
11 1 11
11 2 9
11 2 9
11 2 10
11 2 10
11 3 8
11 3 8
11 3 9
11 3 9
11 4 7
11 4 7
11 4 8
11 4 8
11 5 6
11 5 6
11 5 6
11 5 7
dl 6 5
12 0 12
12 0 12
12 1 11
12 1 11
12 1 12
12 1 12
12 2 10
12 2 10
12 2 11
12 2 11
1 2 3 9
12 3 10
12 3 10

0.054
0.058
0.055
0.056
0.049
0.052
0.052
0.052
0.051
0.051
0.049
0.056
0.049
0.048
0.048
0.052
0.047
0.046
0.035
0.030
0.041
0.036
0.035
0.030
0.051
0.043
0.040
0.036
0.059
0.051
0.045
0.042
0.058
0.055
0.048
0.049
0.051
0.051
0.050
0.048
0.047
0.034
0.030
0.040
0.036
0.034
0.030
0.047
0.042
0.040
0.036
0.055
0.044
0.042

0.0341 (2.1)

0.0399 (5.0)

12.32

9.55



TABIX IV. Measured Half widths’ from Refs. 8-10 Compared with the

Calculated Values.

Transition Temp. Measured~ Ref. Calculated 96 Error

616-523 293 K 0.0710 (*. O.0076) 9 0.0687 3.2 —

616+-523 300 K 0.0834  (*. O.0021 ) 8 0.0680 18.

313+220 300 K 0.081 1(*. O.0020) 10 0.0860 -6.0 —
414+321 300 K 0.0811  (i. O.0020) 10 0.0788 2.8

‘~ in units of cm-l/atnl,



~257
1258
13 3 10
1267
13 1 12
13 2 11
1 3 4 9
1 3 5 8
14 1 14
14 2 13
14 0 14
14 3 12
14 1 13
15 1 15
15 0 15
15 1 14

1 2 4 8
1 2 4 9
1 2 4 9
1 2 5 8
13 0 13
13 1 12
13 3 10
1 3 4 9
13 0 13
13 1 12
13 1 13
13 2 11
13 2 12
14 0 14
14 1 14
14 2 13

0.056
0.047
0.047
0.047
0.034
0.040
0.052
0.054
0.030
0.037
0.030
0.042
0.037
0.031
0.031
0.038——. — ..— —



M e a s u r e d  Halfwidtlls of HzO b r o a d e n i n g
by IIc and

q’ab]e VI.

Temperature Dependence
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Table V, Calculated and Experimental Temperature Exponents for 112(1

Broadened by 112

J’ Ka’ Kc’
1
2
2
2
2
2
4
3
3
3
3
4
5
4
4

:
6
6
6
5
6
5

:
6
6
6
6
7
8
9

0
2
2
1
2
2
1
1
2

:
1
3
3
3
1
1
2
2
3
1
3
3
4
4
5
5
6
6
5
6
7

1
1
0
1
0
0
4
2
1
0
1
3
2
2
1
6
6
5
4
4
4
3
3
3
2
2
1
1
0
3
3
3

10 8 3

J “ Ka” Kc”
o0

1
2
2
3
3
3
3
3
3
3
4
4
4
4
5
5
5
5
5
5
5
5
5
5
5
5
5
5
6
7
8
9

0
1
1
1
1
1
2
2
2

:
2
2
3
3

:
1
1
2
2
2
3
3
3
4
4
5
5
4
5
6
7

0
1
2
2
3
1
1
2
1
0
2
3
1
2
3
5
4
5
3
3
4
2
2
3
1
2
0
1
2
2
2
2

n(Cal)
0 . 7 1 8 ( 0 . 0 3 8 )
0 . 5 7 5 ( 0 . 0 2 0 )
0 . 6 1 0 ( 0 . 0 0 7 )
0 . 6 4 4 ( 0 . 0 3 6 )
0 . 6 0 6 ( 0 . 0 0 8 )
0 . 5 9 0 ( 0 . 0 5 2 )
0 . 5 4 3 ( 0 . 0 5 1 )
0 . 6 0 9 ( 0 . 0 1 3 )
0 . 5 3 3 ( 0 . 0 5 6 )
0 . 3 6 1 ( 0 . 0 5 3 )
0 . 3 6 1 ( 0 . 0 5 3 )
0 . 5 8 4 ( 0 . 0 2 7 )
0 . 4 4 1 ( 0 . 0 8 3 )
0 . 4 1 4 ( 0 . 0 8 4 )
0 . 4 1 4 ( 0 , 0 8 4 )
0 . 4 8 5 ( 0 . 0 2 1 )
0 . 2 6 4 ( 0 . 1 2 5 )
0 . 4 1 3 ( 0 . 0 4 9 )
0 . 4 7 8 ( 0 . 0 4 2 )
0 . 4 7 3 ( 0 . 0 2 7 )
0 . 5 4 5 ( 0 . 0 3 0 )
0 . 4 3 0 ( 0 . 0 5 5 )
0 . 4 0 7 ( 0 . 0 7 5 )
0 . 3 9 4 ( 0 . 0 5 6 )
0 . 3 4 9 ( 0 . 0 8 8 )
0 . 3 2 7 ( 0 . 0 4 8 )
0 . 3 2 4 ( 0 , 0 4 9 )
0 . 3 0 4 ( 0 . 1 0 1 )
0 . 3 0 4 ( 0 , 1 0 1 )
0 . 3 5 1 ( 0 . 0 2 7 )
0 . 3 7 8 ( 0 . 1 2 7 )
0 . 3 7 4 ( 0 . 1 9 6 )
0 . 3 1 1 ( 0 . 1 4 8 )

n{Exp)

0 . 8 7 ( 0 . 0 4 )

1 . 0 2 ( 0 , 2 7 )

0 . 9 5 ( 0 . 0 7 )
0 . 8 5 ( 0 . 0 5 )
0 . 4 0 ( 0 , 1 0 )
0 . 6 2 ( 0 . 1 6 )
0 . 3 5 ( 0 , 1 3 )
0 . 7 6 ( 0 . 2 5 )
1 . 5 0 ( 0 . 3 8 )

0 . 3 9 ( 0 . 1 1 )
0 . 2 6 ( 0 . 1 0 )

0 . 7 2 ( 0 . 2 0 )

0 , 2 5 ( 0 . 1 0 )



Table VII. 1120 broadening by IIe, Nz, 02, COZ, and 112 and the Ratio to

the Ile-Broadened Value

#-1 y(l]e)tt y(Nz)~l  Ratio

1 0.0218 0.105 0.21

2 0.0204 0.102 0.20

3 0.0248 0.0967 0.26

t See text for transitions.

fl in units of cm-l/atm

——

Y(QNI’ Ratio.—

0 .0696  0 ,31

0 . 0 6 7 1  0 . 3 0

0 .0637  0 .39

—

Y(CDJtT R a t i o

0.157 0.14
0.152 0.13

0.144 0.17—

0 .0867  0 .25

0 .0794  0 .26

0 .0695  0 .36——



LIST OF FIGURES

Figure 1 p e r c e n t  I>ifference, m e a s u r e m e n t s  o f  R e f .  12 minus

calculated values versus Energy ordered Index for the pure

rotation band (B) and the V2 band (X ).

l;igure 2 /n {y(T) /y(l’o)} versus ln{ ‘J’/”J’o), the slope of the line is the

temperature exponent, shown arc the maximum (1 O 1 e- O

0 0) and the minimum (6 ] 6 c– 5  0  5)  ca lcu la ted

temperature exponents.

l(igure  3 Calculated (X) and experimental (o) temperature exponents

with corresponding er ror  bars  versus  l ine  number  ( see

Table V).

E’igurc 4 Calculated temperature exponents with error bars (see Table

V) versus (Ka’’-Kc”) for transitions with J“=5.

liigure 5 Percent difference calculated minus est imated ha] fwidth

versus (J”- I J’)/2  for  the  average  method  (B) and  the

polynomial method (-t).
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Figure 1 Percent Difference, measurements of Ref. 12 minus ca~culated  values versus Energy

ordered Index for the pure rotation band (w) and the V2 band (x).
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